The projected demand of maize production in India in 2050 is 4-5 times of current production. With the scope for area expansion being limited, there is need for enhancement of yield. This calls for identifying areas where huge unrealized yield potential exists. With a view to address the issue, the present study delineates homogeneous agro-climatic zones for maize production system in India taking district as a unit and using the factors production, viz. climate, soil, season and irrigated area under the crop. There are 146 districts in India that grow maize as a major crop. They were divided into 26 zones using multivariate cluster analysis. Study of variation in yield between districts within a zone vis-à-vis crop management practices adopted in those districts was found useful in targeting the yield gaps. These findings can have direct relevance to the maize farmers and district level administrators.
Background
MAIZE is the third largest food crop in India (in terms of area). As per 2013-14 statistics, its production was 24.26 mt from 9.06 m ha with a productivity of 2.68 t/ha. Projected demand for maize production by 2050 in India is around 121 mt (ref. 1) . Much of this demand may be attributed to rising number of poultry farms. Raju et al. 2 reported a growth rate of 3% per annum in maize area in the early years of the 21st century. However scope for area expansion is limited and it becomes imperative to explore regions having potential for yield expansion. Maize is predominantly grown as a rainfed crop in India. Currently rainfed yields (1.9 tonne/ha) are much lower than irrigated yields (3.5 tonne/ha) in India 3 . This indicates huge untapped yield potential in rainfed maize production system. Studies are aimed towards breaking the yield barriers in rainfed production systems.
Maize is cultivated in 146 districts with a sown area of at least 10,000 ha in India accounting for about 80% maize area in the country ( Figure 1 ). Based on area sown (thousand ha), the districts were divided into 3 groups as 10-50 thousand ha, 50-100 thousand ha and more than 100 thousand ha. Maize yield in tonne/ha at district level was also considered for portrayal and overlaid on the area map. It is apparent from Figure 1 that the districts, viz. Bhilwara, Udaipur and Banswara of Rajasthan, Sabarkantha and Panchmahal of Gujarat and Jhabua of Madhya Pradesh have more than 100 thousand ha area, but the productivity is less than 2 tonne/ha. Impact on production will be immense if the yield levels are altered in this zone. But the question is: whether these districts (with given climate, soil and other resources available for maize) have potential for yield enhancement? If not, what are the districts that have potential for yield improvement? What is the extent of unrealized yield potential in them? This study aims to answer these questions by considering the districts per se growing maize as a major crop.
The approach
It is known that climate, soil, irrigation and season (kharif/ rabi) are key determinants of crop choice and its productivity in a region. Farmers have little control over climate and soil while factors such as access to irrigation and season in which the crop is grown are relatively less amenable to changes. On the other hand, farmers have a choice in case of factors like adoption of technologies such as improved variety, nutrient management, etc. which are relatively more amenable at the farm level with appropriate policy and other interventions. The idea is to divide the major maize growing districts into clusters homogeneous in terms of climate, soil, share of irrigated area under the crop and growing season so that the differences in productivity within the cluster can be attributed to factors that are amenable to changes. In a nutshell, homogeneous agro-climatic zones are being delineated for maize production system using multivariate cluster analysis. As the resources that farmers have little control on for raising the crop within a cluster are largely similar, the district producing highest yield in a cluster may be regarded as a potential target for the remaining districts in the cluster. Unrealized yield potential (yield gap) for district X may be computed as the difference between the yield of the potential target district (highest yield in the cluster to which district X belongs) and yield of district X. The yield gap is assessed, subject to the level of resources in the cluster. The yield gap that we refer to in the literature, is assessed as difference in yields between the one obtained in the research station and the average obtained by farmers in a region. The difference with the conventional yield gap is that the potential yield in the present study is a reality and is attained by farmers of a certain district. Therefore this potential yield may be referred to as achievable yield and the concerned yield gap as bridgeable yield gap. Using this approach, yield efficiency of a district is assessed as efficiency of district X = (yield of district X)/(potential yield). Districts yielding at less than 50% of the potential (efficiency < 0.5) are designated as high potential districts. Unrealized yield potential in these districts is at least 50%. Using this criterion, districts having high unrealized yield potential (yield gap) for a given level of resources are identified.
Inter-cluster variation in yield can largely be attributed to variation in clustering variables (resources) whereas intra-cluster variation in yield arises from differences in other factors such as crop management practices and adoption of technology. The exercise helps in identifying crop management practices and technology responsible for higher productivity and taking up necessary interventions in the lagging districts. The present study examined these factors to explain yield variation within a cluster. The districts with low yield efficiency are compared to the district with potential yield or districts with very high/high yield efficiency with respect to consumption of nutrients like nitrogen (N), phosphorus (P) and potassium (K) per ha of maize area and extent of use of high yielding varieties (HYV) in the crop. Possible interventions in terms of input use through fertilizer nutrients and replacing traditional varieties with HYV are suggested for improving productivity in districts with low yield efficiency.
Previous studies
The districts of the country were divided into 127 agroclimatic zones using physical characteristics such as topography, rainfall, soils, cropping patterns and irrigation availability by the Indian Council of Agricultural Research (ICAR) in 1979 under the National Agricultural Research Project (NARP). The ICAR-National Bureau of Soil Survey and Land Use Planning (NBSS & LUP), Nagpur has come up with 20 agro-ecological regions and 60 agro-ecological sub-regions (AESR) for the country 4, 5 . This classification was based on physiography, soils, bio-climatic types, and growing period which influence the supply of water for plant growth.
ICRISAT and ICAR 6 constructed an agricultural typology of India's rainfed areas using cluster analysis. The study integrated both socioeconomic and agro-ecological factors. The study constructed 16 district zones. Williams et al. 7 delineated agro-eco-regions from the landscapes of Iowa State using climatic, edaphic and topographic variables. Clustering was performed using K means algorithm using five a priori grouping schemes of 5-25 agro-eco-zones. These regions are useful in crop suitability analysis, strategic agro-economic development and risk analysis.
Kumar et al. 8 delineated homogeneous zones with respect to sensitivity of yield at district level to change in various climatic factors for crops, viz. sorghum, pearl millet and maize using cluster analysis. The zones aid in planning suitable adaptation strategies for each group as a whole rather than individual districts. Cluster analysis of data on various soil fertility variables was used to delineate soil nutrient management zones that provide basis for variable fertilizer management, a key task in precision agriculture [9] [10] [11] . Ru and Kruse 12 used hierarchical clustering with spatial constraints to ensure contiguous clusters while delineating management zones for precision agriculture. Data from ground-based sensors, aerial and satellite imagery and soil sampling were used in the study.
Materials and methods
District-wise statistics of yield, season-wise area sown under maize and area under irrigation were congregated from the websites of Directorate of Economics and Statistics (DES) 13 , Department of Agriculture, Cooperation and Farmers Welfare (DACFW), Government of India and Agricultural Census 14 , DACFW, Government of India. The study tried to minimize the number of clustering variables for parsimony. Accordingly various climatic parameters like rainfall, minimum temperature, maximum temperature, sunshine hours, wind speed, etc. were summarized in the form of moisture index (MI), the indicator commonly used for climatic classification. Available water holding capacity (AWHC) of the soil was considered as a summary indicator of soil properties such as soil texture and soil depth. Besides MI and AWHC at district level, percentage irrigated area under maize and percentage rabi area under maize at district level which have direct bearing on yield were used as clustering variables.
The study used the moisture index computed by Raju et al. 15 which brought out climatic classification at district level. Based on MI value, districts were classified as arid (MI < -66.6), dry semi-arid (MI = -66.6 to -50), moist semi-arid (MI = -50 to -33.3), dry sub-humid (MI = -33.3 to 0), moist sub-humid (MI = 0 to 20), humid (MI = 20 to 99.9) and per-humid (MI > 99.9) districts. District level AWHC values were derived by integrating the soil texture and soil depth maps and averaging in GIS environment. Soil maps of NBSS and LUP and Dunne and Wilmott 16 were used for the purpose. AWHC of less than 60 mm is considered as low and more than 100 mm as high. Soils with higher AWHC retain more moisture and provide better support for crop growth.
Multivariate cluster analysis was carried out using standardized clustering variables. The pairwise distance among the districts with respect to clustering variables in the study was computed using squared Euclidean distance. Ward's method of hierarchical agglomeration was used to divide the 146 districts into clusters. The criterion used for determining the number of clusters was to increase the number of clusters sequentially (one at a time) till the share of intra-cluster variation went below 5%. All the analysis was carried out using SPSS.
To compute yield efficiency of a district with respect to a given crop, yield of that district was compared to the highest yield obtained (with potential target district) in the cluster to which the district belongs. Let the yield in the jth district belonging to the kth cluster be X jk and the maximum yield in the kth cluster be M k .
Yield efficiency of jth
Based on Z j value (Table 1) , the districts may be classified as shown in Table 2 .
In order to explain the between-district yield variation within a cluster, the variation in per ha nutrient consumption in maize with respect to N, P and K and percentage maize area under HYV were used. The data of cropwise nutrient use and use of HYV were drawn from Input Survey of Agricultural Census 14 , DACFW, Government of India.
Results
Multivariate cluster analysis divided the 146 major maize growing districts of India into 26 homogeneous agroclimatic zones (Figure 2 ). Unlike the study by Ruß and Kruse 12 , which used hierarchical clustering with spatial constraints to ensure contiguous clusters, the present study does not impose such constraints. The authors intend to exploit the diversity in crop management within a cluster that caused variation in yield. Imposing spatial constraints may put two districts having similar agroclimatic features but far apart, in different clusters. If the district far apart has potential to set the target with very high yield on account of better crop management practices, we may miss the opportunity to learn from it. The characteristics of each zone with respect to clustering variables, number and list of districts that belong to a zone along with yield and range of yield efficiency and average maize yield of the zone are furnished in Table 2 .
Discussion

Scope for improving maize yield in districts with low efficiency
As discussed in the approach earlier, intra-cluster variation in yield is largely attributed to difference in crop management between districts within a cluster. Crop management includes many factors such as adoption of technology including use of high yielding varieties, timely sowing, timely and optimum nutrient use through fertilizers, timely plant protection from pests and diseases using appropriate methods, timely and proper weed management, timely irrigation, etc. However district level information is not available on many of these factors. An attempt was made to discriminate between low and high/very high yield efficiency districts with respect to factors like use of HYVs, nutrient use in terms of N, P and K for which district level data were available. Use of N, P and K in maize crop and percentage of area under HYV in maize were provided for low (<0.5) and very high/high (>0.75) yield efficiency categories (Table 3) . The numbers are averages based on the data of districts shown in those categories. This analysis may give a fair idea of where low efficiency districts are lagging behind and scope for improving the yield in those districts.
The results in Table 3 reveal that use of HYVs is the area where low yield efficiency districts are lagging behind in cluster-1. The yield gap can be bridged to some extent if this issue is addressed. In cluster-3, there is scope for improving yield of Shravasti and Bahraich districts of Uttar Pradesh by enhancing nutrient use in terms of N, P and K and bringing more area under HYVs. In cluster-7 also, there is lot of scope for improving yield of low efficiency districts by enhancing nutrient use and area under HYVs. In cluster-8, maize area covered by HYV in low efficiency category is only 55% (average); whereas percentage maize area covered by HYV in Thoothukudi, a district in very high/high efficiency category, is 100%. Substantial yield gain can be expected if the use of HYVs is promoted. In cluster-9, three districts of Telangana showed discernible difference in yield compared to the 8 districts in the low efficiency category. Higher nutrient use and much higher percentage of maize area under HYV could be among the important drivers for difference in yield. In clusters-10, 12 and 13, there is scope for yield improvement in districts in the low efficiency category by bringing more area under HYV. It is worth-mentioning that the percentage of maize area under HYV was relatively less in the low efficiency category in all the clusters shown in Table 3 . So, this factor deserves further attention by researchers, extension agencies and policy makers and may be considered as the key driver for yield enhancement.
Joshi et al. 17 reported substantial difference in maize yield between traditional and non-traditional maize growing areas in India through a micro level study. The study attributed the difference in yield to mainly adoption of improved varieties. Farmers in non-traditional areas are growing maize as a commercial crop with 100% seed replacement (to hybrids) and higher level of nutrient use as compared to traditional areas. The findings of the present study as shown in Table 3 are, largely, in agreement with conclusions made by Joshi et al. 17 . The districts in the low efficiency category mostly belong to traditional maize areas with large gap in adoption of HYV and low input use whereas districts in high/very high efficiency category belong to non-traditional areas.
As seen in Table 3 , Dhar and Dewas districts of Madhya Pradesh belonging to cluster-9 are operating at less than 50% of their potential. Srinivasarao et al. 18 recommended earthing up of maize 25 days after sowing using small blade harrow which can give an additional yield of 338 kg/ha with marginal cost as compared to flat bed sowing without such management. Similarly ridge planting in Sonbhadra and Jaunpur districts of Uttar Pradesh (belonging to cluster-7 with efficiency <0.5) can enhance maize yield by 37-73% as compared to flat bed sowing without such management.
Potential gain in production, when unrealized yield potential is realized, was assessed at district level by multiplying unrealized yield potential (yield gap) with area sown. This gain will be high if area sown is more and yield gap is large. An estimate of potential gain in production was provided at country level by aggregating district level gain in production. There are 14 districts with maize area more than 100 thousand ha. If unrealized yield potential is realized in these districts the gain in production will be 2.3 mt. Of these districts, Sabarkantha and Panchmahal districts of Gujarat and Jhabua district of Madhya Pradesh have high unrealized yield potential (efficiency <0.5). If these districts are targeted first, the returns will be high. Estimated potential gain in production at country level, when unrealized yield potential is realized in all the districts, is 8.4 mt.
Limitation of the study
A small portion of variation still exists between districts within a cluster with respect to clustering variables. This variation can contribute to intra-cluster yield variation to some extent but is not substantial. The moisture index used in the analysis to characterize climate is based on long-term data. It is not necessary that similar climate exists in all the years for which yield data were considered. However using three years' data and taking average yield may circumvent the problem to a large extent. It was observed that the level of nutrient use in some of the model districts or districts in very high/high efficiency category is below the recommended level (e.g. Thoothukudi (Tamil Nadu), Rajouri (Jammu and Kashmir), Mandi (Himachal Pradesh), etc.). Similarly, percentage maize area sown with HYV in some model districts is not 100% (e.g. Rajouri (Jammu and Kashmir), Mandi (Himachal Pradesh), Chittorgarh (Rajasthan), etc.). It implies that there is scope for yield improvement in model districts as well and the potential yield in those clusters could be more than the reported numbers. Hence, the potential yields reported in the present study may be viewed as observed potential yields. Economics of the adoption of improved technology and input use were not part of the study. Before implementing the recommendations (if any) suggested for improving yield by enhancing use of HYVs and nutrient use, it should be ensured that the recommendations are commensurate with economic viability at farmer level. The present study examined the factors of nutrient use and use of HYVs to explain low yield in districts within a cluster. There are many other crop specific factors such as methods and timeliness of various operations such as sowing, irrigation, plant protection, weed management, etc. that contribute to yield variation; but data were not available at district level for these factors. Besides, low yields may be due to factors such as weak socioeconomic conditions of farmers, poor literacy, infrastructure, lack of/inadequate access to timely credit, weak reach-out of technology to farmers in a district. These enabling factors influence yields of all the crops in a district. It was not possible to explore all factors exhaustively in the present study.
Conclusion
Findings of the study may have direct relevance to maize farmers and district level administrators. Maize farmers who are unable to harvest better yield or administrators in the agriculture department of a district may look at the efficiency of their district. If it is very low (<0.5), one needs to examine the cluster to which the district belongs, yield obtained by the model district, adoption of technology by districts with very high/high efficiency including use of HYV, nutrient use in terms of N, P, K, etc. This may give some idea of where the target district is lagging behind and scope for interventions for improving yield in the target district. Gathering information on other crop management variables enables precise identification of interventions. For more clarity, a visit to the model district may prove to be helpful.
